Early medullary hypoxic injury from radiocontrast and indomethacin. We evaluated the acute changes in cortical and outer medullary oxygen tension and the alterations in renal function and morphology within the first 90 minutes after the administration of indomethacin and iothalamate to anesthetized Sprague-Dawley rats. Both agents were found to produce marked and protracted outer medullary hypoxia averaging 12 4 and 9 2 mm Hg, respectively (mean SE). Given together to salt depleted uninephrectomized rats they produced an early hypoxic injury localized selectively in the outer medulla. This lesion progressed from 3 1% of medullary thick ascending limbs (mTALs) at 15 minutes to 22 7% at 24 hours. Condensed "dark" cells were observed at 15 minutes, probably representing a type of early injury. Residual red cell mass, quantified in the outer medullary vasculature of perfusion-fixed kidneys and presumably reflecting stasis, was substantially increased in iothalamate treated rats. Red cell mass in the interbundle zone correlated with mTAL necrosis. Taken together, these results show an early period of medullary hypoxia, accompanied by a selective injury to mTALs in the central interbundle zone with apparent stasis. These findings contrast sharply with the ischemia-reflow pattern of renal damage and emphasize the important role of medullary hypoxia in the genesis of acute renal failure in this model. radiocontrast administration [1, 4] . We wished to measure the changes in tissue oxygenation in the kidney produced acutely by these nephrotoxic insults, and to see whether early signs of injury might be more or less pronounced than those found later.
radiocontrast administration [1, 4] . We wished to measure the changes in tissue oxygenation in the kidney produced acutely by these nephrotoxic insults, and to see whether early signs of injury might be more or less pronounced than those found later.
In the present experiments, therefore, we evaluated the acute changes in cortical and outer medullary oxygen tension and the alterations in renal function and morphology occurring within the first 90 minutes after the administration of indomethacin and a radiocontrast agent.
Both indomethacin and radiocontrast were found to produce marked outer medullary hypoxia. Analysis of red cell mass content suggested the presence of abnormal medullary perfusion that correlated with the appearance of cell injury and cell death within minutes after the nephrotoxic substances were injected.
Methods
Functional and morphological studies Salt-depleted uninephrectomized rats develop selective outer medullary injury when injected with indomethacin and a radiocontrast agent [1] . The damage, which especially involves mTALs, is similar to that observed in isolated perfused rat kidneys [2, 31 , is abolished with furosemide pretreatment [4] , and probably reflects an imbalance between oxygen supply and demand in this vulnerable segment of the nephron [5] .
Though this combination of insults may initially appear complex and non-physiologic, the relevance of this model to human acute tubular necrosis can be appreciated from the resemblance of the outer médullary lesion to early necropsy reports in war casualties dying from crush injury and hypovolemic shock [6] , and from later biopsy findings [7] that emphasize the predominance of medullary alterations.
Previous studies have described morphological and functional alterations in this model at one to three days following Indomethacin (I) (Sigma Chemical Co., St. Louis, Missouri, USA) 10 mg/kg dissolved in phosphate buffer (pH 8) was injected i.v., and 60 minutes later sodium iothalamate, 80% (Angio-Conray; Mallinckrodt, Inc., St. Louis, Missouri, USA) 6 mI/kg (C) was administered over two minutes through a polyethylene catheter placed in the femoral artery (PE 50;
Clay-Adams, Parsippany, New Jersey, USA), its tip positioned at the level of the inguinal ligament. We have previously shown that at that rate of injection the radiocontrast does not reach above the aortic bifurcation [1] .
Three groups of rats treated with this combination (USIC) were studied. The first group (N = 11) was sacrificed at 15 minutes after radiocontrast administration for morphologic evaluation. A second group (N = 8) underwent inulin clearance studies, and were sacrificed at 90 minutes following contrast media injection. A third group of USIC treated rats anesthetized with pentobarbital (40 mg/kg) were put back in metabolic cages alter the protocol treatment, and were sacrificed 24 hours later, to confirm the previously observed picture of tubular injury at 24 hours (N = 17). Blood and urine samples from 24 hour collections were taken at baseline and at 24 hours for the determination of creatinine clearances and fractional excretions of sodium and potassium.
Additional small groups of rats (N = 3 in each group) were exposed to a partial protocol where one or more of the renal insults were omitted. The following combinations were studied: SIC, salt depletion, indomethacin and contrast; USI, uninephrectomy, salt depletion and indomethacin; USC, uninephrectomy, salt depletion and contrast; US, uninephrectomy and salt depletion; IC, indomethacin and contrast; I indomethacin alone; C, contrast alone; and control, untreated rats. Non-salt depleted rats were fed on regular chow and were not injected with furosemide. Indomethacin and iothalamate were substituted by phosphate buffer or saline vehicles, respectively, in the partial protocols. These rats were sacrificed at 15 minutes, to assess the contribution of the various insults to morphologic signs of injury.
Inulin clearance. In rats treated with USIC a loading dose of 2 Ci [3H]inulinl0.4 ml 0.85% saline was followed by a continuous infusion of 0.018 ml/min of 1 pCi [3H] inulin/ml 0.43% saline. Volume expansion and laparotomy before the inulin study were avoided, so as not to alter preconditioning. Urine collections were carried out by a cystostomy performed through a small suprapubic incision. A 7 cm polyethylene tube (PE 50; Clay-Adams), funnel-shaped at its end, was secured by a tie around the bladder puncture site to prevent leakage of urine. Dead space was minimized by the insertion of a PE 10 polyethylene tube through the PE 50 tube. The PE 10 tube was removed during the injection of the contrast agent, when urine flow increased.
After 30 minutes of stabilization, two baseline 30-minute urine collection periods were followed by injection of indomethacm and two more 30-minute collection periods. After the administration of radiocontrast, 60 minutes following indomethacm, a five minute bladder washout period was followed by four ten-minute and one fifteen-minute urine collection periods. Six 200 pA blood samples during the experiment were replaced by normal saline.
Blood pressure monitoring. Mean blood pressure was monitored in SICU treated rats with the use of pressure transducers and monitors (Hewlett-Packard Inc. Sunnyvale, California, USA) mounted on the femoral arterial lines.
Morphologic studies. Rats were sacrificed at 15 and 90 minutes or at 24 hours following the injection of the radiologic contrast material. Under anesthesia, in vivo renal fixation perfusion with 1.25% glutaraldehyde (Eastman Kodak Co., Rochester, New York, USA) in 0.1 M phosphate buffer (pH 7.4), was performed through a 19 gauge needle inserted in the aorta. Perfusion pressure was kept constant at 140 mm Hg. The kidneys were sliced and postfixed in buffered 2% 0s04, dehydrated and embedded in an araldite-Epon 812 mixture. The 3 x 3 mm sections were cut to contain cortex and outer medulla.
Stained with 1% methylene-blue, the sections were examined in a blinded fashion as previously described [2] . In the inner stripe of the outer medulla, damaged mTALs were counted and expressed as the percent of total number of tubules present.
The percentage of proximal convoluted tubules with vacuolization was quantified in the same way. Selected blocks of the inner stripe of the outer medulla were processed for fine structural analysis. Kidneys from three USIC treated animals sacrificed at 15 minutes were examined.
Determination of residual red cell mass (RCM)
Inner stripe congestion has been previously described in conjunction with tubular injury induced by ischemia [8, 9] and has been documented following the infusion of mannitol and low osmolar radiocontrast [101. Since red blood cells are almost entirely washed out from medullary vasculature during in vivo perfusion fixation of the normal rat kidney (S. Rosen, unpublished data), we assumed that the amount of residual red blood cells in the outer medulla may be affected by congestion or local decrease in blood flow at the time of the perfusion fixation.
Red cell mass in the outer medulla was quantified with an image analysis system (Leitz-Aristoplan microscope, WildLeitz Co., Rockleigh, New Jersey, USA with a Bioquant-Vista color image analysis system (R&M Biometrics, Nashville, Tennessee, USA). The fixed kidneys were cut horizontally and sections at the level of the inner stripe were examined. The sum of cross sections of the vascular bundles at this level (16 to 25% of total field area) served to confirm the appropriate section level [111. Under x500 magnification, red blood cells were identified by adjustment of a multicolored threshold of the video camera for every slide examined. Occasionally readjustment was required for each frame examined. Red cell mass was expressed as percent of pixels reading red cells, out of total pixels in the observed field. Red cell mass was calculated separately for vascular bundles and for the interbundle zone, by delineation of vascular bundle areas. Five readings in different areas in each slide at the appropriate level of horizontal sections were performed and mean values of readings were obtained. False readings were avoided in the 24 hour specimens by the exclusion of casts and calcified necrotic tissue, stained in the same intensity as red blood cells, from the delineated fields of interest.
To evaluate the effect of our treatment protocols on red cell mass in nonperfused kidneys, one renal pedicle was clamped in all non-uninephrectomized rats, and the kidney was removed prior to in vivo perfusion of the other kidney at 15 minutes. The red cell mass in the perfused and nonperfused kidneys were compared. In three additional rats injected with contrast, one kidney was removed prior to the administration of the radiocontrast agent and was compared to the contralateral nonperfused kidney, obtained 15 minutes after the injection. Two more nonperfused kidneys of control rats were examined.
Measurement of intrarenal oxygen tension
The effect of indomethacin or iothalamate upon renal parenchymal oxygen tension was evaluated in a separate set of experiments. Intact Sprague-Dawley rats weighing 350 to 450 g were used for all experiments. Sensitive 02 glass microelectrodes of the Clark type, with fine (5 to 15 pA tip diameter, were purchased from Omega Technologies (Haifa, Israel) for whom they are handmade by Mr. E. Traube, M.Sc. These electrodes were polarized at -0.75 V, an electric potential where a linear response is observed between 02 tension and current through the electrode, connected to a picoampermeter and a recorder, and daily calibrated in saline at 37°C (with N2 and 12% 02) at the start and at the end of each experiment. Electrode drift was 2 1% and 1 0.4% (mean SE) per hour, for low and high calibrations' values, respectively.
Anesthesia was performed with mactin (BYK, 100 mg/kg body wt). Tracheotomy was performed and the femoral vein and artery were cannulated with PESO catheters, for the infusion of normal saline (at a rate of 0.09 mI/mm) and for monitoring of the blood pressure by a Statham transducer. The left kidney was exposed by a midabdominal incision and mechanically fixated. The temperature of the kidney was monitored by a needle copper probe connected to a type T thermocouple (Omega Engineering, Stamford, Connecticut, USA) and kept at 37°C with a heating lamp and dripping warm saline and mineral oil.
The electrodes, mounted on micromanipulators, were inserted in the cortex at a depth of 1.6 0.1 mm and in the outer medulla, at a depth of 3.8 0.1 mm. Under basal conditions the medullary electrode read a P°2 of 27 2 mm Hg, significantly lower than the cortical electrode (52 2 mm Hg, N 100, P < 0.0001). These values are comparable to data reported by others [12] .
On ten occasions microelectrodes were replaced at the end of an experiment by a hollow micropipette of a similar shape, placed on the same micromanipulator and inserted at the same depth as determined by the reading of micrometer. After injection of a small volume of India-ink, the micropipette was removed and the kidney perfusion-fixed with glutaraldehyde as described above. The cortical and outer medullary positions of the electrodes were verified by cross sections of the kidney at the puncture sites. The outer medullary site was usually confirmed to be at the level of the inner stripe. Using hollow micropipettes inserted repeatedly at the same depth, loaded with two different dyes, we estimated the error in location at approximately 10 to 15% of the total depth read from the micrometer.
The effect of inhibition of prostaglandin synthesis upon intrarenal oxygenation was evaluated by observing the response to indomethacin, 10 mg/kg, given as a single intravenous injection (N = 9).
The response to radiocontrast was studied after the intravenous administration of 1.1 0.1 ml of sodium iothalamate 80%, given as a single injection (N = 15). The response was followed for 15 minutes (N = 15), 30 minutes (N = 10) or 60 minutes (N = 9). In eight experiments in which prolonged renal tissue hypoxia was induced by iothalamate, the response to furosemide (10 mg/kg i.v.) was studied. We also studied the Medullary p02 (N = 15) showed a pronounced decrease from 26 3 to 9 2 mm Hg within minutes, which stabilized at 10 0.3 minutes and lasted as long as 60 minutes after the administration of the radiocontrast. This effect was reversed with the injection of furosemide (N = 8) and medullary oxygen tensions rose above baseline values. Changes in cortical p02 were less consistent and pronounced than in the medulla (Fig. 1B) . The mean cortical p02 (41 4 mm Hg) fell significantly (P < 0.05) to 24 4 mm Hg 10 minutes after iothalamate, but the rise after furosemide (to 33 6) was not statistically significant (P = 0.08; Fig. 2 ).
Oxygen tensions were unchanged by a similar volume (1.1 ml) of normal saline (from 46 1 to 43 3 mm Hg and from 22 3 to 25 8 mm Hg, P NS, for cortex and medulla, In USIC treated rats inulin clearance fell by 66% from a baseline of 2.1 mi/mm, one hour after indomethacin injection (Fig. 3A) . Subsequent contrast administration was associated with an abrupt increase in inulin clearance to 21% above baseline, followed by a gradual decline to 45% below it over the next 20 minutes. The pattern of changes in inulin clearances were similar to that of mean blood pressure recordings (Fig.  3B) . The changes in blood pressure and inulin clearance were correlated (r = 0.81, P <0.02), but no correlation was found between these parameters and the morphologic findings detailed below. Fig. 4 . Uninephrectomized, salt depleted rats, injected with indomethacin and contrast media (USIC) and sacrfficed at 15 minutes. In (A) located in the central interbundle zone, numerous dark meduilary thick ascending limbs (*) can be noted adjacent to collecting ducts (c). Some of these "dark" mTALs show areas of necrosis as well (**). Such a tubule can be seen at higher power in (B). The cytoplasm of this mTAL is uniformly dense, except for an area in which cell fragmentation, swollen mitochondria and a denuded basement membrane can be appreciated. The electron micrograph (C) of such an area better defines the cell fragmentation and denuded basement membrane, and swollen mitochondria adjacent to the very electron-dense intact mTAL cell. x560; x 1300; x9600.
At 24 hours USIC rats manifested acute renal failure, char-Functional parameters at baseline and at 24 hours are presented acterized by more than a twofold rise in plasma creatinine, and in Table 1 . These findings are similar to our previous observaa fall in creatinine clearance to one third of basal values. tions in Sabra rats [1, 4] . Fig . S. Electron micrographs from uninephrectomized, salt depleted rats injected with indomethacin and contrast media (USIC), sacr(ficed at 15 minutes. In (A) extreme electron density of the meduliary thick ascending limb (upper) contrasts with a subjacent unremarkable collecting duct. At higher power (B), the condensed cytoplasm and organelles can be better defined and the numerous apical vesicles can be appreciated. The mitochondria maintain their rod shape, but are very electron dense and cristae are difficult to identify. These changes appear to reflect cell condensation and volume loss. Cellular membranes appear intact. Photograph (C) depicts the interdigitation of the peripheral portions of two mTALs, one of which contains the very electron dense mitochondna. The other cell contains markedly swollen mitochondria. x9600; x 12480; 
:., C)
Morphologic findings MTAL necrosis. Renal histology of USIC treated animals at 24 hours was comparable to that obtained in Sabra rats (Table   2) [1, 41. Selective mTAL necrosis was present in 22% of mTALs observed. A smaller amount of necrosis was already present at 15 and at 90 minutes (Fig. 4A) . While gradual intensification of damage took place over time, the percentage of animals in which some necrosis could be identified remained constant, at about 80% of treated animals.
Two out of three and one out of two of US! and USC treated animals, respectively, also demonstrated mTAL necrosis at 15 minutes, involving 2.2, 3.9 and 0.5% of tubules, respectively. Necrosis was absent in all the other partial protocols (SIC, IC, US, I, C and control rats).
Necrotic tubules were invariably remote from vascular bundles, being present mainly around collecting tubules in the central interbundle zone. Moderate "reversible" injury (that is, mitochondrial swelling with intact plasma membrane) was rarely observed at the early stages, and injured cells were generally disrupted. Functional abnormalities correlated well with the degree of mTAL necrosis at 24 hours (Table 1 ).
Dark cells. Occasionally, mTAL cells appeared somewhat thinner, and stained intensely with methylene blue (Fig. 4 and   5 ). These tubular "dark cells" were observed at 15 or 90 minutes but not at 24 hours. They were present in 64 to 88% of USIC protocol at the early phases, and in two out of three US! treated rats.
Dark cells were strongly correlated with the presence of necrosis (r = 0.53, P < 0.001) but not with its extent. At times, they were encountered in direct approximation in necrotic cells in the same tubule (Fig. 4C) . As with necrotic tubules, dark cells were located in the central interbundle zone, away from vascular bundles and adjacent to collecting ducts (Fig. 4A) .
Electron microscopic changes in dark cells were those of volume loss (Fig. 5) : cell thickness was diminished, with increased density of the cytoplasmic sap and approximation of ribosomes. Organelles were condensed and vesicle formation, presumably reflecting membrane internalization [10] , was noted. Mitochondrial density was increased, with focal intramitochondrial vacuolar formation. Generally, cristae could not be defined, but when identified, they maintained a normal appearance. Prominent laminar configuration of lateral cell membranes was focally present. Apical membrane integrity was maintained. Nuclei had oval elongated shapes with chromatin condensation. These findings in the relatively intact but condensed dark cells were in sharp contrast with adjacent cells displaying the typical hypoxic lesion (Fig. 4C and SC) previously described [2] , involving swollen mitochondria, edematous cytoplasm, nuclear pyknosis and cell-membrane fragmentation.
Tubular collapse. Medullary tubular collapse was virtually absent in the early phase, but was prevalent at 24 hours. As in our previous studies at this experimental time, an inverted correlation was found between mTAL necrosis and tubular collapse (r = -0.79, P <0.005).
Proximal tubular vacuolar changes. Vacuolar changes in proximal tubules were not present at the early phase, appearing only at 24 hours. They were not correlated with functional derangement at that time.
Outer medullary (inner stripe) red cell mass RCM Congestion of the outer medulla was not different in contrasttreated and non-treated animals, as assessed by the inspection of fresh cross sections of nonperfused-fixed kidneys at 15 minutes. On the other hand, vasa recta could be easily identified in the perfused kidneys of contrast-treated rats, in which perfusion with fixation fluid failed to flush erythrocytes completely out of blood vessels (Fig. 6A, inset) .
By image analysis, red cells were found to occupy about 2% of cross section area in nonperfused kidneys at the level of the inner stripe of outer medulla, whether or not contrast had been injected (Table 3) . Perfusion fixation at 140 mm Hg removed most red cells, but differences emerged between contrasttreated and non-treated animals: At 15 minutes, red cell mass (RCM) in vascular bundles (VB) and interbundle zone (IBZ) were ten times higher in contrast-treated as compared to non-treated animals. Outer medullary RCM in perfused kidneys diminished at 90 minutes as compared to the findings at 15 minutes, both in the VB and the IBZ (by 67 and 53%, respectively).
Multiple regression analysis indicated that both contrast and indomethacin contributed separately to RCM in YB at 15 minutes (P < 0.006, F-to-remove 9.23, and P < 0.04 F-toremove 4.79, respectively), but that contrast only contributed to RCM in the interbundle area (P < 0.25, F-to-remove 5.62). The RCM in YB and in the IBZ were correlated (F-to-enter 25.38) .
A simple correlation was found in USIC rats between the degree of mTAL necrosis and RCM in the IBZ, when fixation perfusion was undertaken at 15 minutes (r = 0.84, P < 0.003, N = 11). At 90 minutes this correlation was suggestive but fell short of statistical significance (r = 0.78, P = 0.069, N = 8). No correlation was found between mTAL necrosis and RCM in the YB.
In the vascular bundles of perfusion-fixed kidneys red cells were confined to the ascending venous vasa recta, whereas in nonperfused kidneys they were located mainly in descending vessels (Fig. 6) . Crenated red blood cells were occasionally seen.
Kidneys of USIC rats perfusion-fixed at 24 hours showed increased medullary capillary congestion, as compared with the observations at 90 minutes, with 1.2 0.2% and 0.4 0.1% residual RCM in the YB and the IBZ, respectively. RCM in both regions correlated significantly with mTAL necrosis (r = 0.74, P < 0.005 and r = 0.56, P < 0.05, respectively). Selective mTAL necrosis appears within 15 minutes following the injection of contrast media in USIC treated rats. On the average 2.3 and 5% of tubules are injured at 15 and 90 minutes, respectively, and the damage progresses to involve 22% of tubules at 24 hours. The prevalence of this lesion remains constant overtime, affecting about 80% of USIC treated rats. A partial protocol, in which either indomethacin or iothalamate are omitted (USC, USI), also results in mTAL injury, which is milder and does not progress markedly over time [1] . These findings stand in contrast to the in vivo ischemia-reflow model of ATN in the rat [13-is] . After 15 minutes of complete renal ischemia in the rat, histologic findings are unremarkable, and complete recovery is noted early after reflow. Relatively limited morphologic changes are present even at 60 and 120 minutes of ischemia. Frank necrosis is first observed under these circumstances three hours after the initiation of reflow, reaching maximal tubular involvement over the next nine and three hours, respectively [13] . When the ischemic period is 30 minutes, reflow damage at 24 hours is limited to the straight proximal (S3) tubule and the immediate postglomerular portion of the proximal convoluted tubule. If longer ischemic periods are applied, the reflow injury involves most of the nephron [14, 151. We believe that the differences in injury distribution and timing between ischemia-reflow and the present model result, at least in part, from the global ischemia inherent in the former, as opposed to the more selective meduliary hypoperfusion in the latter. The renal medulla has a limited supply of oxygen as a result of oxygen shunting from descending to ascending vasa recta in the vascular bundles. The active reabsorption of NaCL by the mTAL, associated with high oxygen requirement, renders this structure particularly susceptible to hypoxic damage when 02 availability is limited [5] . Global ischemia, induced by clamping the renal artery, stops glomerular filtration and therefore may paradoxically protect the mTAL by abolishing metabolic workload and oxygen requirement [16] .
We believe that the USIC model, though apparently artificial, may simulate pathophysiological processes of some types of clinical ARF resulting from multiple insults [17, 18] . All the rats that developed mTAL injury in the present study were salt depleted. The susceptibility of salt depleted animals to maneuvers that compromise medullary oxygen sufficiency is probably related to an enhanced state of renal vasoconstriction [19] . In another model of selective in vivo mTAL injury, infusion of angiotensin II was successfully substituted for salt depletion [20] .
Indomethacin blocks the local production of vasodilating prostaglandins, which helps to maintain medullary oxygenation under these conditions [21] . Tissue hypoxia resulting from prostaglandin inhibition is thought to contribute to the renal failure associated with non-steroidal anti-inflammatory drugs and to analgesic nephropathy [22, 23] . Our 02 microelectrode findings support this hypothesis, demonstrating aggravation of outer medullary hypoxia as a result of the administration of indomethacin.
Tubular ischemia may also contribute to contrast nephropathy [24] . The osmotic load presented by radiocontrast agents leads to an augmented workload at the level of the medullary thick limb. At the same time, blood viscosity [25] and renal vascular resistance increase [26] , and renal blood flow is diminished. It has been recently suggested that endothelin release [27, 28] and reduced production of prostacyclin [29] may contribute to this effect of radiocontrast. Selective medullary hypoperfusion was found, by comparing cortical and papifiary blood flow, following the administration of various contrast agents [30] . Our oxygen electrode studies show that severe and protracted outer medullary hypoxia follows the intravenous injection of iothalamate. These findings strengthen the hypothesis of hypoxia as a cause of radiocontrast-induced tubular damage.
The administration of furosemide rapidly corrected the radiocontrast-induced outer medullary hypoxia. This finding is consonant with the observation that furosemide prevents mTAL necrosis in USIC treated rats [4] and in the isolated perftised kidney [16] . The mechanisms by which medullary hypoxia is prevented probably involve, at least in part, a reduction of the work of transport and of oxygen consumption by the mTAL [5] .
The reduction of outer medullary p02 following the infusion of mannitol underscores the potential danger that this osmotic agent may inflict. Nevertheless, when iothalamate was substituted with mannitol in USIC rats, early damage at 15 minutes suggesting that the harmful effect of radiocontrast is not mediated only by the osmotic stress.
The measurements of outer medullary red cell mass (RCM) may contribute to our understanding of the processes that lead to hypoxia. Contrast injection was associated with an incomplete removal of red cells from the outer medullary blood vessels by the perfusion fixation.
Since RCM was unaffected by the administration of iothalamate in nonperfusion-fixed kidneys, vasodilation and congestion do not seem to be the mechanism for the persistence of red cells in the medullary vessels of iothalamat-treated perfusionfixed kidneys. Rather, it seems possible that blood flow through outer medullary blood vessels was reduced in kidneys exposed to radiocontrast at the time of fixation perfusion, as a result of vasoconstriction, increased blood viscosity, or vascular compression and outflow obstruction by increased interstitial hydrostatic pressure. The decline in residual red cell mass at 90 minutes may represent the reversal of these processes.
Blood vessels in the IBZ comprise a capillary and venular meshwork that drains the inner stripe and is in close contact with tubular cells [31, 32] . A strong correlation between RCM in IBZ and mTAL necrosis was evident in USIC treated rats at 15 minutes, though the trend at 90 minutes fell short of statistical significance. Although this correlation does not prove a causal relationship between stasis and tubular damage, it seems likely that these processes perpetuate each other in a vicious circle. This might contribute to prolonged tissue hypoxia, producing a gradual increase in the magnitude of necrosis in affected kidneys over 24 hours.
Inner stripe congestion has been encountered in the ischemiareflow model and its severity correlates with early [8] and late [33] kidney function. Because augmented perfusion pressure or a reduction of hematocrit reduce this congestion, and at the same time prevent tubular necrosis [34] , it was suggested that congestion per se produces hypoxic damage. A different view has been proposed by Hellberg et al, whose data suggest that tissue damage initiates microvascular leak with resulting local hemoconcentration that leads to inner stripe congestion [331. Mediators released from injured cells and activated neutrophils [35] may participate in this process. Swollen injured tubules in the outer stripe may cause outflow blockade and inflict inner stripe stasis as well [9, 36] . Interestingly, congestion in the inner stripe selectively involves the IBZ [33] , probably reflecting the interrelation between early mTAL necrosis and stasis.
Vasa recta at the level of the inner stripe of the outer medulla, unlike the capillaries in the IBZ serve as a conduit of blood flow to and from deeper structures in the inner medulla. High flow in papillary vascular bundles can be detected despite inner stripe congestion in ischemia-reflow injury [37] . Our observations in vitro [2] and in vivo [1] , that show a gradient of damage mainly affecting tubules remote from vasa recta, suggest that at the level of the inner stripe 02 from these blood vessels sustains only the adjacent tubules. The lack of correlation between mTAL necrosis and RCM in YB, as opposed to that found in the IBZ, is, therefore, not surprising.
Tubular collapse, so common at 24 hours, and especially prominent at 72 hours in rats with protracted renal failure and resolved structural damage [4] , was totally absent 15 and 90 minutes after insults, suggesting that injured nephrons do not shut down at this early stage.
The dark cells, observed in the early phases and not at 24 hours or later, occurred solely in salt-depleted uninephrectomized rats treated with indomethacin with or without radiocontrast. The presence of dark cells correlated with necrosis in other tubular cells. Frequently these two lesions were seen in the same tubule; however, the dark cell organelles and membranes were intact, albeit condensed. These changes may reflect increased permeability of these cells within a relatively hypertonic milieu, or a failure to maintain an adequate concentration of intracellular organic osmolytes [38] . Focal cellular condensation resembling our observation in vivo is also seen in mTALs injured during isolated kidney perfusion, when exposed to hypertonic, impermeant solutions [39] . Dark cells were also noted in collecting tubules following prolonged renal hypoperfusion [40] . It seems possible that dark cells, described also in the central nervous system [41] and liver [42] and encountered in the process of apoptosis [43] , reflect a sublethal injury in which the cell shrinks owing to losses of water and potassium, a process that may lead eventually to membrane disruption and cell death.
These short term studies provide some insight into the dynamics of early tubular hypoxic damage. Even if we count dark cells as severely injured and combine their percentage with that of early necrosis, the findings contradict our expectations that extensive, but mild (reversible) hypoxic injury occurs early after insult, with necrosis at 24 hours reflecting a minority of cells damaged beyond repair. Rather, it seems that once an initial damage occurs, a chain of events follows that leads to its accentuation.
The absence of correlation between hemodynamic and renal function monitoring and the histological findings at 15 and 90 minutes is not surprising. The degree of necrosis seen at that time is small, and the drop in renal perfusion pressure and glomerular filtration rate may paradoxically protect outer medullary structures from hypoxic injury by the reduction of workload and oxygen requirement [5] .
In summary, our findings indicate that severe outer medullary hypoxia follows the administration of indomethacin or the radiocontrast agent iothalamate. When given together to saltdepleted, uninephrectomized rats, they lead to a selective outer medullary (inner stripe) injury that develops as early as 15 minutes after the administration of radiocontrast. The magnitude of damage, but not its incidence, increases gradually over 24 hours. Stasis in interbundle zone vessels located in the outer medulla is an early indicator of that damage, and may cause or aggravate it by limiting oxygen availability.
